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FOREWORD

The test program reported herein was conducted under the sponsor-
ship of the National Aeronautics and Space Administration (NASA),
Goddard Space Flight Center (GSFC), for the Thiokol Chemical Corpo-
ration (TCC), Elkton Division, under System 921E, Project 9033.

The results of the test were obtained by ARO, Inc. (a subsidiary
of Sverdrup & Parcel and Associates, Inc.), contract operator of the
Arnold Engineering Development Center (AEDC), Air Force Systems
Command (AFSC), Arnold Air Force Station, Tennessee, under Con- ,
tract No. AF 40(600)-1200. The test was conducted in Propulsion
Engine Test Cell (T-3) of the Rocket Test Facility (RTF) from August 9
to 30, 1967, under ARO Project Number RC1707, and the manuscript
was submitted for publication on November 2, 1967.

W;T this report is embargoed under the Department of

State Internationatsaffic in Arms Regulations. This ¢ ay be
M ents=by, de ertE or agencies of the

dard Space Flight

This technical report has been reviewed and is approved.

Edward C. Westwood Leonard T. Glaser
Captain, USAF Colonel, USAF
Acting AF Representative, RTF Director of Test

Directorate of Test
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ABSTRACT

A qualification test program consisting of six Thiokol Chemical
Corporation TE-M-364-3 solid-propellant rocket motors was con-
ducted at near vacuum conditions to determine altitude ballistic per-
formance, nonaxial thrust of the spinning motors, tailoff character-
istics, temperature-time history during and after motor operation,
and component structural integrity. The initial phase of the program
consisted of firing one motor in the spin mode and one motor in the
no-spin mode. The final phase consisted of firing three motors in
the spin mode and one motor in the no-spin mode. The vacuum total
impulse values of all motors were within the specification limits.
Nonaxial thrust impulse values of the spinning motors and the maxi-
mum motor case temperatures for all motors exceeded the specifica-
tion limit.

Theg document is subject to special export co

aWn governm oreign
nationals may be mad® with prior approval of
NASA, Goddard _Spa® Flight Cen

eenbelt,

iii



AEDC.TR.67-256

CONTENTS
Page
ABSTRACT . . . . v v v v v v e e e e e e e e e e e iii
NOMENCLATURE . . . . . . . « « v v v v v v v o o . wviii
I. INTRODUCTION. . . . . v ¢ v v ¢ v v v v e e v e o 1
II. APPARATUS . . . . ¢« v v v e i e v v e e e e e e a 1
I1I1. PROCEDURE . . . e e s s e e e e B . e e 5
IV. RESULTS AND DISCUSSION . 7
V. SUMMARY OF RESULTS. . . . . « v v « « v v v o . . 13
REFERENCES. . . . . . ¢ & ¢« v ¢ v ¢ ¢ e o o v o o . 15
APPENDIXES
I. ILLUSTRATIONS
Figure
1. Schematic of the Improved Delta Launch
Vehicle DSV-3M . . . . . « v v v ¢ v o @ v v « o . 19
2. TE-M-364-3 Rocket Motor
a. Motor: Schematlc o e e e e e 20
b. Propellant Schematic (Sect1onA A) e e e e 0. 21
c. Motor Photograph . . . . . . . . . + . « . . 22
3. TE-P-358-3 Igniter
a. Schematic. . . . . . . . . « ¢ ¢ . . .. 23
b. Photograph . . . . . . . . . . . . . 0. . 24
4. Installation of the TE-M-364-3 Motor Assembly in
Propulsion Engine Test Cell (T-3)
a. Schematic. . . . ‘B - - . . 25
b. Photograph(Looklng Downstream) e« « <« . . 26
c. Detail. . . . . . . . v 0 s e e e e e e 27
5. Schematic Showing Thermocouple Locations on the
TE-M-364-3 Motor . . . +. + v ¢ « v & v « o« « o « = 28
6. Analog Trace of Typical Ignition Event. . . . . . . . . 29
7. Variations of Thrust, Chamber Pressure, and Test Cell
Pressure during Motor Burn Time
a. Motor S/N T00001 (Spin Mode, 110 rpm;
Temperature Conditioned at 55 +5°F) . . . . . 30



AEDC-TR-67-256

Figure
7. Continued

b. Motor S/N T00002 (Spin Mode, 110 rpm;
Temperature Conditioned at 95 + 5°F) .

c. Motor S/N T00003 (No-Spin Mode;
Temperature Conditioned at 75 + 5°F) .

d. Motor S/N T00006 (Spin Mode, 110 rpm;
Temperature Conditioned at 50 £ 5°F) .

8. Comparison of Low-Range Chamber Pressure and Test
Cell Pressure during Motor Tailoff

Motor S/N T00001 (Spin Mode, 110 rpm).

Motor S/N T00002 {(Spin Mode, 110 rpm).

Motor S/N T00003 (No-Spin Mode) . E

Motor S/N T00006 (Spin Mode, 110 rpm) . .

Lo owe

9. Schematic of Chamber and Cell Pressure-Time
Variation Defining Characteristic Events ,

10.. Comparison of TE-M-364-3 Thrust Variation from the
Three Spin Firings Reported Herein and the Ref., 2
Spin Firing . .

11. Nonaxial Thrust Variation with Time for
Motor S/N T00001
a. Axial Thrust .
b. Magnitude of Nonax1a1 T hrust Vector
c¢. Angular Position of Nonaxial Thrust Vector
d. Angular Misalignment of Thrust Vector from
Motor Centerline . . . . . . . . . . . . .

12, Nonaxial Thrust Variations with Time for
Motor S/N T00002
a., Axial Thrust . .
b. Magnitude of Nonaxial Thrust Vector
c. Angular Position of Nonaxial Thrust  Vector
d. Angular Misalignment of Thrust Vector from
Motor Centerline . . .

13. Nonaxial Thrust Variations with Time for
Motor S/N T00006

a. Axial Thrust . v .

b. Magnitude of Nonaxial Thrust Vector :
c¢. Angular Position of Nonaxial Thrust Vector

d. Angular Misalignment of Thrust Vector from

Motor Centerline .

vi

42
42
42

42



Figure

14,

16.

17.

18.
19.

20,

21.

II.

III.

AEDC-TR-67-256

Comparison of Nonaxial Thrust Vector Magnitude
Time Variation for the Three TE-M-364-3 Spin
Firings Reported Herein and the One Reported in
Ref. 2

a. Motor S/N TO0001. . . . . . .

b. Motor S/N T00002 .

c. Motor S/N T00003. . . .

d. Motor S/N T00005 (Ref. 2)

Time Variation of Typical Motor Case (Forward
Hemisphere) Temperatures

Time Variation of Typical Motor Case (Aft
Hemisphere) Temperatures

Time Variation of Typical Motor Case (Midsection and
Nozzle Adapter Flange) Temperatures.

Time Variation of Typical Nozzle Temperatures .

Post-Fire Photograph of Motor S/N T00001 Showing
Hot-Spots on Forward Hemisphere : « @3 - 3

Nozzle Exit Cone Interior Condition

Typical Pre-Fire .
Post-Fire Motor S/N T00001 .
Post-Fire Motor S/N T00002 .
Post-Fire Motor S/N T00003 .
Post-Fire Motor S/N T00006 .

(o T o T o i)

Typical Nozzle Exit Cone Exterior Condition.

TABLES

I.
I1.

III.

Instrumentation Description.

Summary of TE-M-364-3 Motor Physical
Dimensions . . e ..

Summary of TE-M-364-3 Motor Performance.

CALIBRATION OF NONAXIAL THRUST VECTOR
MEASURING SYSTEM TO DETERMINE SYSTEM
ACCURACY .

vii

Page

43
43
43
43

44
45

46
47

48

49
50
51
52
53

54

95

56
57

58



AEDC-TR-67-256

AeXavg

Atpost-fire
Cr

cf

tispurn time

tg

NOMENCLATURE

Average of pre- and post-fire nozzle exit area, in.2
Post-fire nozzle throat area, in.2

Vacuum thrust coefficient

Thrust coefficient over a selected 1-sec interval
Measured thrust, lbg

Measured cell pressure, psia

Measured chamber pressure, psia

Maximum chamber pressure developed during normal
motor operation, excluding ignition spike, psia

Action time, time interval between 10 percent of maxi-
mum chamber pressure during ignition and 10 percent
of maximum chamber pressure during tailoff, sec

Time of nozzle flow breakdown (indicated by increase
in cell pressure), sec

Time of first increase in chamber pressure at motor
ignition, sec

Total burn time, interval from time of increase in
chamber pressure during ignition until chamber pres-
sure has decreased to cell pressure during tailoff, sec

Time interval from time of increase in chamber pres-
sure during ignition until the ratio of chamber pressure
to test cell pressure has decreased to 1. 3 during
tailoff, sec

Ignition lag time, interval from zero time to time of
increase in chamber pressure, sec

Zero time, time at which firing voltage is applied to the
igniter circuit, sec

Nozzle throat flow goes subsonié, time at which the
ratio of chamber pressure to test cell pressure has
decreased to 1. 3 during tailoff, sec

Time at which chamber pressure equals cell pressure
during tailoff, sec
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SECTION |
INTRODUCTION

The Thiokol Chemical Corporation (TCC) TE-M-364-3 solid-
propellant rocket motor is to be used as the third stage of the Improved
Delta Launch Vehicle, DSV-3M (Fig. 1, Appendix I). Delta missions
scheduled to utilize the TE-M-364-3 motor include Radio Astronomy
Explorer (RAE), Interim Defense Communications Satellite program
(IDSEP) International Tele-communications Satellite Program (Intelsat
III), and the Tiros Operational Satellite (Tiros M) (Ref. 1). For each
of these third-stage and payload combinations, attitude control will be
achieved by spin stabilization.

A qualification test program consisting of six TCC TE-M-364-3
motors was to be conducted at near vacuum conditions. The initial
phase of the program consisted of firing one motor in the spin mode and
one motor in the no-spin mode. The results of the initial phase of test-
ing are presented in Ref. 2 and discussed in Section IV.

The primary objectives of the final phase reported herein were to
fire one motor in the no-spin mode and three motors while spinning
about their centerlines at 110 rpm to determine altitude ballistic per-
formance, nonaxial thrust of the spinning motors, tailoff character-
istics, temperature-time history during and after motor operation,
and component structural integrity. The motors were temperature con-
ditioned at prescribed temperature levels of 50, 55, 75, and 95 + 5°F
for a minimum of 46 hr prior to firing.

Motor altitude ballistic performance, nonaxial thrust measure-
ments, tailoff characteristics, temperature-time history, and struc-
tural integrity are discussed.

SECTION Il
APPARATUS

2.1 TEST ARTICLE
The TCC TE-M-364-3 solid-propellant rocket motor (Fig. 2) is a

full-scale flightweight motor having the following nominal dimensions
and burning characteristics at 75°F":
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Length, in. 53
Diameter, in. 37
Loaded Weight, lbpy, 1580
Propellant Weight, lbpy 1440
Throat Area, in.2 8.50
Nozzle Area Ratio, A/A* 53:1
Maximum Thrust, lb¢ 10,970
Maximum Chamber Pressure, psia 650
Burn Time, sec 40

The cylindrical motor case is constructed of 0.040-in. steel. The
aft hemisphere and approximately one-half of the forward hemisphere
regions are insulated with V-44 asbestos-filled Buna-N® rubber. The
remaining case area is uninsulated (Fig. 2a). Two 37-in. -diam thrust
attachment flanges are located near the motor equator,

The contoured nozzle assembly contains a Graph-I1-Tite G-90 carbon
throat insert and an expansion cone constructed of outer layers of glass
cloth phenolic and inner layers of carbon cloth phenolic. The partially
submerged nozzle assembly has a nominal 53:1 area ratio (A/A*) and
a 15-deg half-angle at the exit plane. Eight aluminum antenna studs
and a fiber glass stiffner (support) ring are normally bonded to the noz-
zle expansion cone adjacent to the exit plane. For motors S/N T00003
and S/N T00006, the existing nozzles were modified by removing the
antenna studs and the fiber glass bands, shortening the expansion cones
at the exit plane by 0. 161 in,, and thereby increasing the exit cone
thickness at the exit plane from 0.094 to 0.134 in. The fiber glass
bands were replaced with carbon roving bands which were pre-
impregnated with a modified phenolic resin (Fig. 2a).

The TE-M-364-3 rocket motor contains a propellant grain formula-
tion designated TP-H-3062 (ICC Class B), which is cast in an eight-
point-star configuration (Fig. 2b). The isentropic exponent of the
propellant exhaust gases is 1. 18 (assuming frozen equilibrium).

Ignition was accomplished by a TE-P-358-3 PyrogenO igniter
(Fig. 3), which contained 19 gm of size 2A boron pellets used to initiate
the eight-point-star igniter grain. The aft section of the igniter cul-
minated in a nozzle body containing six small nozzles for distribution
of the igniter propellant flame onto the motor propellant grain (Fig. 2a).
The head end of the igniter contained a mechanical safe and arm device,
two squib ports, one pyrogen pressure port, and'one chamber pressure
port. One McCormick Selph® nominal 15-sec delay squib was used for
the tests reported herein except for motor S/N T00002 for which two
squibs were used. Nominal ignition current was 5 amp/squib and was
maintained for approximately 0. 3 sec.
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2.2 INSTALLATION

The motors were cantilever mounted from the spindle face of a
spin fixture assembly in Propulsion Engine Test Cell (T-3) (Ref. 3).
The spin assembly was mounted on a thrust cradle, which was sup-
ported from the cradle support stand by three vertical and two hori-
zontal double-flexure columns (Fig. 4). The spin fixture assembly
consists of a 10-hp squirrel-cage-type drive motor, a forward thrust
bearing assembly, a 46-in., -long spindle having a 36-in. -diam aft
spindle face, and an aft bearing assembly. Each motor was secured
in a mounting can which was adapted to the spindle face. For the spin
firings, the spin fixture was rotated counterclockwise, looking up-
stream. For the no-spin firing the spin fixture was locked in place to
prevent rotation. Electrical leads to and from the igniters, pressure
transducers, and thermocouples on both motors were provided through
a 170-channel, slip-ring assembly mounted between the forward and aft
bearing assemblies on the spindle. Axial thrust was transmitted through
the spindle-thrust bearing assembly to two load cells mounted just for-
ward of the thrust bearing.

Pre-ignition pressure altitude conditions were maintained in the
test cell by a steam ejector operating in series with the RTF exhaust
gas compressors. During a motor firing, the motor exhaust gases
were used as the driving gas for the 42-in. -diam, ejector-diffuser sys-
tem to maintain test cell pressure at an acceptable level.

2.3 INSTRUMENTATION

Instrumentation was provided to measure axial thrust, nonaxial
force, Pyrogen pressure, motor chamber pressure, test cell pressure,
motor case and nozzle temperatures, and rotational speed. Tablel
(Appendix II) presents range of measurements, recording methods, and
an estimate of measurement uncertainty for all reported parameters.

The axial thrust measuring system consisted of two double-bridge,
strain-gage-type load cells mounted in the axial double-flexure column
forward of the thrust bearing on the spacecraft centerline. The non-
axial force measuring system consisted of double-bridge, strain-gage-
type load cells installed forward and aft between the flexure-mounted
cradle and the cradle support stand.

The load cells were installed on the rocket motor axial centerline
and in the horizontal plane passing through the motor centerline
(Fig. 4c).
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Unbonded strain-gage-type transducers were used to measure test
cell pressure. Bonded strain-gage-type transducers with ranges of
Oto b5, 0to 15, O0to 50, 0to 750, and 0 to 1500 psia were used to meas-
ure motor chamber pressure and Pyrogen pressure. Chromel®-Alumel®
(CA) thermocouples were bonded to the motor case and nozzle (Fig. 5)
to measure outer surface temperatures during and after motor burn
time. Rotational speed of the motor assembly was determined from
the output of a magnetic pickup.

The output signal of each measuring device was recorded on in- ¢
dependent instrumentation channels. Ballistic data were obtained from
four axial thrust channels, three test cell pressure channels, two
Pyrogen pressure channels, and five motor chamber pressure channels.
These data were recorded as follows: Each instrument output signal
was indicated in totalized digital form on a visual readout of a millivolt-
to-frequency converter. A magnetic tape system, recording in frequency
form, stored the signal from the converter for reduction at a later time
by an electronic digital computer. The computer provided a tabulation
of average absolute values for each 0. 10-sec time increment and total
integrals over the cumulative time increments.

The output signal from the magnetic rotational speed pickup was
recorded in the following manner: A frequency-to-analog converter
was triggered by the pulse output from the magnetic pickup and in turn
supplied a square wave of constant amplitude to the electronic counter
and oscillograph recorder. The scan sequence of the electronic counter
was adjusted so that it displayed directly the motor spin rate in revolu-
tions per minute.

The millivolt outputs of the thermocouples were recorded on mag-
netic tape from a multi-input, analog-to-digital converter at a sampling
rate for each thermocouple of 150 samples per second. The millivolt
outputs of the nonaxial force load cells were recorded on FM analog
magnetic tape and played back through a filter system to an oscillograph
and a digital magnetic tape recorder at a later time.

A recording oscillograph was used to provide an independent back-
up of all operating instrumentation channels except the temperature and
nonaxial force systems. Selected channels of thrust and pressures were
recorded on null-balance potentiometer-type strip charts for analysis
immediately after a motor firing. Visual observation of each firing was
provided by a closed-circuit television monitor. High-speed, motion-
picture cameras provided a permanent visual record of each firing.
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The thrust calibrator weights, axial and nonaxial force load cells,
and pressure transducers were laboratory calibrated prior to usage in
this program. After installation of the measuring devices in the test
cell, all systems were calibrated at ambient conditions and again at
simulated altitude conditions just before a motor firing.

The pressure systems were calibrated by an electrical, four-step
calibration, using resistances in the transducer circuits to simulate
selected pressure levels. The axial thrust instrumentation systems
were calibrated by applying to the thrust cradle known forces which
were produced by deadweights acting through a bell crank. The cali-
brator is hydraulically actuated and remotely operated from the con-
trol room. The nonaxial force instrumentation systems were calibrated
by an electrical, four-step calibration, using resistances in the circuits
to simulate selected force levels. Thermocouple systems were cali-
brated by using known millivolt levels to simulate selected thermo-
couple outputs.

After each motor firing, with the test cell still at simulated alti-
tude pressure, the systems were again recalibrated to determine if any
shift had occurred.

SECTION Il
PROCEDURE

The four TCC TE-M-364-3 rocket motors (S/N's T00001, T00002,
T 00003, and T00006) arrived at AEDC between April 10 and August 10,
1967. The motors were visually inspected for possible shipping damage
and radiographically inspected at about 75°F for grain cracks, voids, or
separation and found to meet criteria provided by the manufacturer.
(Prior to installing motor S/N T00006 in the test cell, the motor was
subjected to a temperature environment of 40°F for 46 hr and then
X -rayed again at the cold temperature to determine temperature effects
on the propellant-to-insulator bonding. The X-rays did not reveal any
propellant-to-insulator separations.) During storage in an area tem-
perature conditioned at 75 + 5°F, the motors were checked to ensure
correct fit of mating hardware, and the electirical resistances of the
igniters were measured. The nozzle throat and exit diameters were
obtained, and the motors were weighed. Thermocouples were bonded
to the nozzle and motor case, the pressure manifold with transducers
were mounted, and the entire motor assembly was photographed and in-
stalled in the firing can.
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Dimensions of selected surfaces as a function of angular position
relative to the centerline of the spin motors (S/N's T00001, T00002,
and T00006) were determined by TCC personnel to facilitate alignment
of the motors in the test cell.

3.1 NO-SPIN MOTOR

After installation of the no-spin motor (S/N T00003} in the test
cell, instrumentation connections were made, and the spin fixture was
locked in place to prevent rotation. The motor was temperature con-
ditioned for a period in excess of 46 hr prior to closing the test cell;
during this time a continuity check of all electrical systems was per-
formed. Pre-fire ambient calibrations were completed, the test cell
pressure was reduced to simulate the desired altitude, and altitude
calibrations were taken.

The final operation prior to firing the motor was to adjust the firing
circuit resistance to provide the desired current (5 amp) to the igniter
squib. The entire instrumentation measuring-recording complex was
activated, and the motor was fired. Simulated altitude conditions were
maintained for approximately 45 min after the firing, during which
time motor temperatures were recorded and post-fire calibrations
were completed. Low-range chamber pressure data were also recorded
for 10 min after burnout of the motor. The test cell pressure was then
returned to ambient conditions, and the motor was inspected, photo-
graphed, and removed to the storage area. Post-fire inspections at
the storage area consisted of measuring the throat and exit diameters
of the nozzle, weighing the motor, and photographically recording the
post-fire condition of the motor.

3.2 SPIN MOTORS

The procedure for the spin motors was identical to that for the no-
spin motor, with the following exceptions:

a. The motor centerlines were axially aligned with the spin axis
by rotating the motors and measuring the deflection of the
selected motor surfaces with a dial indicator and making
appropriate adjustments.

b. The assembly was balanced at a rotational speed of 110 rpm,
and in-place stand static and dynamic calibrations were
accomplished (see Appendix III).
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¢. Pre-fire altitude calibrations were made after spinning of the
motor assembly had stabilized at 110 rpm.

d. The motors were fired while spinning (under power) at
110 rpm.

e. Spinning of the motor was continued for approximately 40 min
after burnout, during which time the post-fire altitude cali-
brations were made.

SECTION IV
RESULTS AND DISCUSSION

Four Thiokol Chemical Corporation (TCC) TE-M-364-3 solid-
propellant rocket motors (S/N's T00001, T00002, T00003, and T00006)
were fired in Propulsion Engine Test Cell (T-3). The motors were pre-
fire temperature conditioned at 55 + 5°F (S/N T00001), 95 5°F
(S/N T00002), 75 + 5°F (S/N T00003), and 50 £ 5°F (S/N T00006) for
periods in excess of 46 hr and fired at average pressure altitudes of
about 104, 000 ft (88, 000 ft for S/N T00002). Motor S/N T00003 was
fired in the no-spin mode. The remaining three motors were fired
while spinning about their motor centerlines at about 110 rpm. The
primary objectives of the tests reported herein were to fire one motor
in the no-spin mode and three motors while spinning about their center-
lines at 110 rpm to determine altitude ballistic performance, nonaxial
thrust of the spinning motors, tailoff characteristics, temperature-
time history during and after motor operation, and component struc-
tural integrity. Prior to receipt of motors S/N's T00001 and T00002
at AEDC, they were subjected to the following environmental treatment.

a. Both motors were temperature cycled between 40 and 100 £ 5°F
for three complete cycles. Half-cycle duration was 46 hr
minimum.

b. Both motors were drop tested while packaged in their shipping
containers in a temperature environment of 70 £ 30°F. The
drop test consisted of placing one side of the shipping con-
tainer on 6-in. -high chocks and elevating the other side of the
container 24 in. and releasing. The test was repeated after
reversing sides of the container.

c. Both motors were subjected to sinusoidal sweep vibration
testing in each of three mutually perpendicular axes as
follows:
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Axis Frequency, Level
Hz

Lateral and 5to8 0. 5-in. double amplitude
Erafsvepae 8 to 200 3.5 g peak-to-peak
Axial 8 to 13 0. 5-in. double amplitude

13 to 16 9.0 g peak-to-peak

16 to 32 7.0 g peak-to-peak

32 to 200 3.0 g peak-to-peak

For the vibrational testing, motor S/N T00001 was tempera-
ture conditioned at 40 + 5°F, whereas motor S/N T00002 was
temperature conditioned at 100 £ 5°F,

Data from the four motor tests are presented in both tabular and
graphical form. A summary of motor physical dimensions is presented
in Table II. Motor performance data, based on action time (t3) and tjg
burn time, are summarized in Table III. Specific impulse values are
presented using both the manufacturer's stated propellant weight and
the motor expended mass determined from pre- and post-fire motor
weights. When multiple channels of equal accuracy instrumentation
data were used to obtain values of a single parameter, the average
value was used to calculate the data presented.

4.1 ALTITUDE IGNITION CHARACTERISTICS

The motors were ignited at pressure altitudes ranging from 112,000
to 124, 000 ft. An analog trace of a typical ignition event is shown in
Fig. 6. Ignition lag time increased from 14. 815 to 15. 948 sec as pre-
fire grain temperature decreased from 95 to 56°F. The igniter utilized
a nominal 15-sec delay squib (two squibs for motor S/N T00002). Peak
Pyrogen pressures during the ignition events varied from 1179 to
1254 psia.

4.2 ALTITUDE BALLISTIC PERFORMANCE
The variations of thrust, chamber pressure, and test cell pres-

sure for each motor fired are shown in Fig. 7. The variations of cham-
ber pressure, measured with a 0- to 15- or a 0- to 5-psia transducer,
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and test cell pressure during an extended portion of tailoff for each
motor fired are presented in Fig. 8.

Since the nozzle does not operate fully expanded at the low cham-
ber pressures encountered during tailoff burning, the measured total
impulse data during this period cannot be corrected to vacuum condi-
tions by adding the product of cell pressure integral and nozzle exit
-area. Therefore, total burn time (tit) was segmented (Fig. 9), and
the method used to determine vacuum impulse is described as follows:
The time of exhaust nozzle flow breakdown (tpg) was considered to
have occurred simultaneously with the time of exhaust diffuser flow
breakdown (as indicated by the sudden increase in cell pressure).
After this time, flow at the nozzle throat was considered to be at sonic
velocity until the time (tg) at which the ratio of motor chamber pres-
sure to cell pressure had decreased to a value of 1. 3.

Vacuum corrected total impulse data were then calculated from:

thd thd ts
IVHC = f F‘dt + Aexh,‘) f Pce” dt + Ef A‘(pnst) f Pch dt
t L tbd

1

where
12

t2
F di- A'x(post).rh Pcell de

t2
Atgoon f Pen dt
t‘

ty

1.848 (S/N T00001), 1.858 (S/N T00002), 1.862
(S/N T00003), and 1.859 {(S/N T00006).

The time interval (t1 to tg) is a one-second interval of motor oper-
ation just prior to decrease in chamber pressure (Fig. 9). The im-
pulse accumulated between the time that the nozzle throat flow becomes
subsonic (tg) and the end of burn time (t{) is considered negligible. Per-
formance characteristics for the four motors are tabulated below along
with the performance characteristics of the two previous motor firings
reported in Ref. 2:
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Parameter Reported Herein Ref. 2
Motor S/N T00001 T 03002 T000C3 ! T03008 T0000¢ ' 700005 1
Pre-¥ire Grain Temp, °F 555 955 75%5 590%5 733 LY h
Motor Span Rate, rpm 110 110 1} 110 1} 110
Action Time {ta), sec 45 6 43.5 45.0 46.1 45.2 44.6
t:a Burn Tuxe, sec 121, 6 100,8 100, 6 111,35 111, 3 #90.3
l'otal Burn Iimc {tg), sec |, 126 124 124 120 10 130

Vacuum Total Impulse
Based on tLispypn ¢ .
Ihe-sec e 418,861 | 419,426 | 419,531 | 418 133 ! 418,601 | 419,724

Vucwum >pecific Impalse
Baset cn tigg gy sime 884 . 1
the Manufacturcr's Stated
Propellant Weaght,

1bf-3ec/lbp; 201 00 201 53 281 22 2u0 39 200,86 201, 14

Vacuan Sgecilic Impulse '
Baaed on tiayyrg tume and
Expendcd Mzsa,

Ibi-scc/lbm 248, 40 288, 94 288, 64 287,90 288, 20 288, 77

Avcrage Vacuum Thrust
Coelliciu:t Baged o 15

+ 8nd 1e Aseruga Pre- und i

, Pcst-Fire Throat Area, cf | 1.832 1,850 1 854 I 1.0853 \ * 1. B39

*Average vacuum thrust coefficient not available.

Specification values of vacuum total impulse are 417,790, 418,100,
and 418, 400 lbg-sec when the TE-M-364-3 motors are fired at 60, 75,
and 90°F, respectively (Ref. 4). The above tabulation clearly shows
that the vacuum total impulse values of the motors reported herein and
in Ref. 2 exceed the values listed in the referenced specification.

As expected, action time values decreased and specific impulse
values increased as a result of pre-fire grain temperature increasing
from 50 to 95°F.

The low level chamber pressure measured after propellant burn-
out {(approximately 50 sec after motor ignition) is believed to have
resulted from residual burning propellant slivers and/or smoldering
insulator material. There were no indications of increases in chamber
pressure during the long tailoff period. Therefore, it is concluded that
the motors did not experience any sporadic burning of propellant slivers
after motor burnout. Post-fire inspection of motors S/N's T00002,
T00003, and T00006 revealed eight small propellant slivers sym-
metrically located near the motor equator. No propellant slivers were
evident during the post-fire inspection of motor S/N T00001.

A comparison of the thrust variations for the three spin motor
firings reported herein and the spin motor firing reported in Ref. 2 as
a function of time is presented in Fig. 10. Propellant burn rate as a
function of the pre-fire temperature conditioning level of the propellant
grains is most evident in Fig. 10. For example, motor S/N T00002,
which was pre-fire temperature conditioned at 95 + 5°F, achieved a
maximum thrust level of 10, 550 1bf, whereas motor S/N T00006, which"
was pre-fire temperature conditioned at 50 £ 5°F, achieved a maximum

10



AEDC-TR-67-256

thrust level of 10,010 lbf. Consequently, motor S/N T00002 experi-
enced a shorter burn time (approximately 2 sec) than motor S/N T000086.

4.3 NONAXIAL THRUST VECTOR MEASUREMENTS

One of the primary objectives of this test was to measure motor
thrust misalignment during the three spin firings (motors S/N's T00001,
T00002, and T00006). This objective was accomplished by measuring
the nonaxial component of motor thrust. The recorded nonaxial thrust
data were treated as described in Appendix III. These data from igni-
tion to the point of nozzle flow breakdown for the three spin firings are
presented in Figs. 11, 12, and 13.

The nonaxial thrust values recorded for the three spin firings
exhibited peaks during the thrust buildup and decay portions of motor
operation. These values are questionable because of undefined dynamic
characteristics of the system during the ignition and tailoff transients.
Because of the uncertainties inherent in the data recorded during these
transients, they will not be considered in the following discussion.

Nonaxial thrust data for the three spin firings reported herein and
the previous spin firing reported in Ref. 2 are presented in the follow-
ing table. All tabulated parameters are based on data recorded during
the time of near steady-state motor operation. This time interval
began 1.0 sec after ignition for all four motors and ended 40 sec after
ignition for motors S/N's T00002 and T00005 and 42 sec after ignition
for motors S/N's T00001 and T00006.

I Paramcter Heported tlerewn Ref, 2 !
L N T I
Moror SN TL0C] ‘TonOC2 ' o204 H 10005
Pre-Fire Grain
Temperature, °F 555 95135 505 /i3
Average Mntor Spin Rute
during Firing, ram 110, 37 110, 87 111,24 L0830

Time lrterva. of Near
Steady-Slate Motor

Operation, sec 41.0 39.0 41.0 39.0
Maximum Nonaxial

Thrust Mapn:tude, b 12.4 (L) L0 1..2
‘Time of Maximam Non-

axial Fnice QOccurrence

(from Ignition}, sce 41 9 35.0 32,3 39.6

Angular Location of
Maximum Noa.xial Uoree
{Meas.rcd C.nckwise,
Looking Upsircum, from
Motar Top-Dead-Center), deg 252 87 a6 51

Nonaxial! Thrust
1ntegral, lbp-sec 117 84 143 1553

Average Noaoxisl
‘Inrust Magnitude, 1br 4.8 &7 1.6 4.0

Muximum Misalignment of
Motor Thrust Axis Irom
l Mutor Centerline, deg (. 084 0 a6o 0.053 0. 06¥

11
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The specification value of nonaxial thrust integral is 125 lbg-sec
(Ref. 4). The above tabulation shows that the nonaxial thrust impulse
values of the motor firings reported herein and in Ref. 2 exceed the
value listed in the referenced specification.

A comparison of the time variation of nonaxial thrust vector mag-
nitude for the three spin-fired TE-M-364-3 motors reported herein and
one spin-fired TE-M-364-3 motor reported in Ref. 2 is presented in
Fig. 14, All four motors exhibited similar trends in the magnitude
time variation. The magnitude for the three motors reported herein
increased rapidly from one value to a higher value approximately
30 sec after ignition. The magnitude for the Ref. 2 motor also in-
creased approximately 30 sec after ignition; however, the increase
was gradual from 1. 3 lbf, 32.4 sec after ignition, to 13. 0 lbf, 40.7 sec
after ignition.

The nonaxial thrust data presented in Figs. 11 through 13 were
corrected for nonaxial force caused by misalignment of the motor on
the spin fixture. The angular misalignments of the motor centerline
with respect to the spin axis were 0. 0066, 0.0202, and 0. 0244 deg for
motors S/N's T00001, T00002, and T00006, respectively. The respec-
tive nonaxial thrust corrections resulting from these angular misalign-
ments were approximately 1.1, 3.5, and 4. 2 lbf at each maximum
thrust level.

The inaccuracy of the nonaxial force measuring system (excluding
the ignition and tailoff transients) for this test is estimated to be
+0. 80 1bs {Appendix III).

4.4 STRUCTURAL INTEGRITY

Typical motor case and nozzle temperatures for the four motor
firings are presented in Figs. 15 through 18. Maximum motor case
temperatures were 903 (S/N T00001), 776 (S/N T00002), 668(S/N
T00003), and 840°F (S/N TO00006) occurring approximately 72, 82, 104,
and 60 sec after motor ignition, respectively. These maximum tem-
peratures were measured on the uninsulated portion of the forward
hemisphere over a propellant grain valley by thermocouples T-2
(S/N T00001), T-18 (S/N T00002), T-17 (S/N T00003), and T-2
(S/N T00006). The motor qualification specification (Ref. 4) states
that the external surface of the rocket motor assembly, excluding the
nozzle, shall not exceed 500°F at any time from ignition to 150 sec
thereafter.

12
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Post-fire examination of the four motors did not reveal any distor-
tion of or thermal damage to the motor cases. However, each motor
had several small hot-spots located at or near the motor equator,
Motor S/N T00001 also had evidenced eight pronounced hot-spots
located just forward of the motor equator on the forward hemisphere
(Fig. 19).

Each of the four nozzle exit cones experienced thermal damage as
was evidenced by delamination and cracking of the inner layers of
carbon cloth phenolic (Fig. 20) and flaking of the outer layers of glass
cloth phenolic (Fig. 21). Post-fire examination of the Ref. 2 motors
revealed similar thermal damage to the nozzle exit cones. Nozzle
throat measurements indicated that erosion had caused an increase of
8.69, 8.88, 11.1, and 8. 97 percent from the pre-fire areas of motors
S/N's T00001, T00002, T00003, and T00006, respectively.

Prior to firing motors S/N's T00001 and T00002, TCC personnel
installed eight metal clamps over the aft surface of the fiber glass
bands (located at the exit plane of the nozzle expansion cone). These
bands were bolted to the eight antenna studs located on the exterior of
the expansion cones (Fig. 2a). Post-fire examination of these motors
revealed that the fiber glass bands had become partially detached from
the nozzle expansion cones over a portion of the exit planes. However,
seven of the eight clamps and antenna studs remained in place for motor
S/N T00002, whereas only five of the eight clamps and studs remained
in place for motor S/N T00001. These remaining clamps possibly pre-
vented the bands from becoming completely detached from the expan-
sion cones.

Post-fire examination of motors S/N's T00003 and T00006 (which
contained the modified nozzle expansion cones, see Section II) revealed
that the carbon roving bands had become partially detached from the
nozzle expansion cones over a portion of the exit planes.

SECTION V
SUMMARY OF RESULTS

Four Thiokol Chemical Corporation TE-M-364-3 solid-propellant
rocket motors were temperature conditioned at 50 (S/N T00006),
55 (S/N T00001), 75 (S/N T00003), and 95 + 5°F (S/N T00002) for
periods in excess of 46 hr and fired at average pressure altitudes of
about 104, 000 ft (88, 000 ft, motor S/N T00002). Motor S/N T00003
was fired in the no-spin mode, whereas motors S/N's T00001, T 00002,

13
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and T00006 were fired while spinning about their motor centerlines at
110 rpm. Results are summarized as follows:

1.

Vacuum total impulse values during the time that nozzle throat
flow was sonic were 418, 861 (S/N T00001), 419, 426 (S/N T00002),
419, 531 (S/N T00003), and 418, 133 lbs-sec (S/N T00006). Specifi-
cation values ranged from 417, 790 for 60°F motor to 418, 400
lbs-sec for a 90°F motor. Corresponding vacuum specific im-
pulse values, based on the manufacturer's stated propellant
weight, were 291.00 (S/N T00001), 291.53 (S/N T00002),

291. 22 (S/N TO00003), and 290. 39 lbf-sec/lbmy (S/N T00006).

The maximum nonaxial thrust magnitude during the steady-
state portion of motor operation was 12.9 (S/N T00001), 8.0
(S/N T00002), and 9.0 lbg (S/N TO00006) occurring 41.9, 35.0,
and 32. 3 sec after motor ignition, respectively. Nonaxial
thrust impulse values accumulated during the steady-state por-
tion of motor operation were 197, 184, and 143 lbf-sec. The
specification value was 125 lbg-sec/lbm.

The time intervals from the time at which firing voltage was
applied to the igniter circuit to the time of increase in chamber
pressure were 15,825 (S/N T00001), 14.815 (S/N T00002),
15,411 (S/N T00003), and 15.948 sec (S/N T00006). (The ig-
niters utilized nominal 15-sec delay squibs.)

The time intervals between 10 percent of maximum chamber
pressure during ignition and 10 percent of maximum chamber
pressure during tailoff (t5) were 45.6 (S/N T00001), 43.5
(S/N T00002), 45.0 (S/N T00003), and 46.1 sec (S/N T00006).

Post-fire examination of the four motors did not reveal any
distortion or thermal damage to the motor cases. However,
each motor had several hot-spots located near the motor
equator, and motor S/N T00001 had eight pronounced hot-
spots located on the forward hemisphere. The four nozzle
exit cones experienced delamination and cracking of the inner
layers of carbon cloth phenolic and flaking of the outer layers
of glass cloth phenolic.

Post-fire examination of the four motors revealed that the
nozzle exit support rings had become partially detached from
the expansion cones.

Each motor experienced low level pressure operation during
tailoff for about 70 (S/N T00001), 50 (S/N T00002), 50

(S/N T00003), and 60 sec (S/N T00006). These low level pres-
sures are believed to have resulted from low pressure level
propellant sliver burning and/or smoldering insulation.

14
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8. The maximum motor case temperatures were 903 (S/N T00001),
776 (S/N T00002), 668 (S/N T00003), and 840°F (S/N T00006),
occurring about 72, 82, 104, and 60 sec after motor ignition,
respectively., The motor specification stated that the motor
case should not exceed 500°F at any time from ignition to
150 sec thereafter.
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